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14.  MATBRIALa  IQR  BAILUSJ.  fihfiim  AHQ  CQMyOgBMTfl 


by 

C.  W,  Dennoror 


14 . 1 NATURE  OF  THE  MATERIALS  PRCMILEM 


In  fow  nnKinonrInK  prohlomn  urn  thn  pnrumntnrs  of  nny 
■ tructural  devign  no  mutuailly  dopnndont  an  In  iho  design  of 
the  ramjet  engine.  The  interdependence  of  load,  deflection, 
temperature,  and  time  croatea  two  now  rroblemm,  each  of  which 
requires  a solution  boVoro  suitable  materials  can  be  selected. 
These  problems  Involve:  (n)  An  ovaluatl<^n  of  the  meohanical 

properties  of  traditional  aircraft  materials  for  more  severe 
boundary  conditions,  and  (b)  a search  for  new  materials  which 
can  bo  used  in  areas  In  which  the  conventional  aircraft  mater- 
ials are  inadequate.  Doth  of  these  problems  are  unususually 
troublesome;  the  first  because  the  basic  design  problem  (with 
exceptionally  varied  and  numerous  parameters)  frequently  is 
not  fully  understood  by  the  designer  or  matorlals  engineer. 

An  example  of  this  mlBundorntandlng  1h  encountered  In  the 
ahort-tlue  versus  long-time  temperature  problem,  which  Is  dls- 
cunnod  on  page  5.  Th«*  second  problem  iirlees  from  the  fact 
that  materials  In  the  development  stage  vary  In  their  make-up 
and  have  a tendency  to  be  erratic  In  their  mechanical  behavior. 
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An  oducalionul  problem  in  fabrlcntlon  tochnlquoH , a careful 
evaluation  of  production  and  fabrication  potential,  and  a re- 
examination of  inepoction  and  tentinR  technlquen  are  also  in- 
volved in  the  uae  of  now  materlnlR.  The  problem  in  exemplified 
by  the  development  of  unable  titanium  alloyn  for  ntructural 
applicnt tonn.  In  addition,  materialn  uned  for  guided  mlnnilen 
aro  nubjoctod  to  other  <loletoriouH  onvironmoiitH  nuch  !iM  vibra- 
tion, nhocK , humidity,  fian<l  and  dunt,  wait  npray , tomp«iri»,t  ire , 
proBHiiro,  corronlon,  f ungun , and  rain.  Thene  condltioiiH  are 
not  uHually  encountered  in  the  name  conblnation  au  in  more  con- 
ventional appl lent  loan . 

The  fiiH-cl  a I 1 red  rerpi  1 rementn  for  rnmiet-eugi  ne  materlaln 
can  be  dlecuNHed  more  Hat  inf actor! ly  if  the  engine  in  con«id- 
erod  to  bo  made  u^)  of  combuHtiou-HyNiem  componetitn  and  diffiiHer- 
My«tom  componentH.  Thi«  iirenUdown  by  function  glvwH  two  differ- 
ent temperature  r.onea  for  design  Mach  numbnrH  from  1.6  to  2.4. 

In  the  first  zone,  temperature  offeclH  are  due  to  hot  gapoH  from 
comhuwtiou,  and  In  the  second  to  aerodynamic  heating. 

The  combust ion-Bystem  compononto,  which  for  many  applica- 
tions comi)rlfio  the  aft  section  of  tlu»  mlHHlle,  present  Hoveral 
of  the  most  complex  onglneoring  p ul table  motnls  muut 

be  uelocted  which  will  withstand  temporaturos  varying  from  400*^ 
to  1800°F.  The  exact  tompernturo  or  temperature  gradient  in 
any  pnrtlculur  component  or  <'nmbuHtoj"  nubHystem  t/bviouHly  de- 
pends upon  llH  functlun,  location,  and  the  Length  of  expomire 
(which  may  vary  from  as  little  ns  three  inlnutus  to  as  long  an 
three  hours). 

The  tailpipe,  which  in  many  casos  in  also  tho  oxteriju  I 
skin  of  tho  aft  hotly  t)f  I ht»  mlHHlltt,  may  alHo  bt«  the  Ion*', 
carrying  nuniibo  r . Tluoio  load’:  may  prot.ucl  /nrlou  i t:t)ml)  i nil  1 1 onfi 
of  bending  an  well  lui  t(;rolonal  :.nd  uxli'l  KtreHMOu.  Theno 
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QtreBae*  may  he  ateady-atate  ov  dynamic,  depending  on  flight 
condlti'^tn* , and  may  correnpond  to  aecoleratlone  varying  from 
one  g to  30g  over  a very  wide  frequency  regime.  Deflections 
are  aesocioted  with  load  and  the  manner  of  load  application 
which,  for  aerodynamic  and  operational  reasone , must  bo  kopt 
within  the  olaMtlc  range  of  the  material.  Since  dynamic 
loads  are  Involved,  the  problems  of  resonant-vibration  ooridi- 
tlonn  arti  alwnyn  proNcnt,  and  frequently  a design  criterion 
demands  that  rerliiln  frequencion  be  avoided  to  prevent  unde- 
sirable cniipilng, 

Dfag  and  precsuro  loans  to  which  the  noy.xlo  is  subjected 
roualt  In  large  tcnnllc  ntrenMos.  Large  thermal  stresnes  may 
also  be  present,  requiring  that  space  allowances  be  made  for 
expansion.  Dotloclions  of  this  component,  however,  are  not 
critical.  Kor  long  periods  of  flight,  temporatures  as  high  as 

may  cause  a gradual  but  continuous  orosiun  of  nozr.lo 
materials  from  erosive  uctlon  of  the  hot  gnstJH. 

The  combustor,  which  is  perhaps  sul)Jected  to  the  highest 
tomperuturos  In  the  engine,  Is  exposed  to  the  drag  and  pro<;sure 
loads  which  subject  the  Htructural  components  of  the  entire  sys- 
tem to  various  combiruitionn  of  mombrnae  stresBOH.  During  n 
steady-state  burning,  temperatures  from  .'500*^  to  ISOO^F  may  l>e 
encountorcd  In  various  parts  of  the  combustor.  External  pres- 
sures present  a structurul  stability  prolilem,  not  amonnhle  to 
[>recise  unalysls,  since  the  com,>oiiuntH  contain  u great  many 
discontlnult los  in  the  form  of  holes  and  louvres. 

Combustor  acc'essorl  es  such  ns  f lumtdu) ! ders  require 
malerlnls  having  hlgli- temperature  strength  eomblmul  with  low 
erosion  properties.  A holder  must  be  cav>ablo  of  sci'vtng  it.s 
function  without  ap, /rod able  <*rcHlon,  since  burnout  could  af- 
fect the  f lamo-holdlng  stability,  and  of  sect>nchiry  importance 
the  metal  Ions  In  the  exhaust  could  have  an  attcMiuatlon  effect 
on  the  gul dance- 1 n1  el  I Igenc'c.  HlgFinls 
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In  the  dlffusor  ■yatom  (aa  in  the  rest  of  the  miaalle) 
load  and  deflaction  deolgn  criteria  aro  keyed  to  the  function 
of  the  component.  The  donign  temperaturoR  are  a function  of 
Mach  number,  since  compononts  are  nubjectod  to  aerodynamic 
heating.  For  antiaircraft  minRilen  operating  up  to  a Mach 
number  of  2.2,  thiH  dosig?t  temperature  is  between  35o”  and 
450®F,  depending  on  the  typo  of  guidance  RyHtom  uned.  Higher 
tomperaturoR  may  require  ponitive  cooling  action  In  thin  re- 
gion of  the  miBHilo,  Plnce  it  houRos  the  electronic  equipment 
and  the  fuel  nupply.  For  antiaircraft  mlHMllou  opernting  in 
th*>  regime  of  Mach  numberH  1 . H to  2.2,  it  haH  been  common  prac  - 
tice for  denign  purponf/M  to  uho  n temperature  rato-of-riuo  of 
30  deg/«ec , which  in  coiieldered  to  bo  conHorvat i vo . Beenuno  of 
the  low  thermal  capacity  of  the  thin  Rheot-motnl  walla,  dlffuKor 
matorinla  generally  roach  equilibrium  temperature  inn  matter  of 
Hocondc.  Frequently  the  limiting  denign  criterion  lu  Htnblllty, 
mIiico  the  cliffuBor  wall  nhell  in  loaded  in  bunding  and  tornion. 
In  thlH  cane,  buckling  in  tornlon  or  comproMHlvo  buckling  In 
bending  in  the  moanure  of  thlj)  Htnblllty. 

IJgb  ntrength  in  a 'tebt  weight,  thin  oectlon  of  given 
aeiodyiuimlc  whapo  1b  required  in  the  diffuHor  entry  lip.  For 
Mach  luimherH  In  oxcubh  of  2.2,  nr.d  for  flight  timoH  in  oxcesH 
of  a fow  mliiuteH,  the  problem  ttf  eroHlon  bocomoH  overwhelmingly 
Importaiil.  In  many  cuhoh  tli<i  Intake  lip  :nuHt  mipport  <itbei‘ 
pl<!CCH  of  o(]ulpment,  micli  an  anteiiiniH  or  other  Intolligonco 
^Mijuieittn,  and  for  nuch  denlgiiH  there  in  an  added  requirement 
for  a high  degree  of  ntlffnenti. 

Attncbmoiit  Htructuren  and  ntrutii  aro  the  remaining  dlf- 
f UHor-nyutt'm  compoiUMitn  which  require  a careful  Holoctloii  of 
matorlaln.  A coneii'  <»rnble  amount  of  theno  niatorlulH  1h  re- 
quired becauHO  of  the  nature  of  UieBO  memiioru;  hencci' , the 
Mt  rengUi-woight  rnllo  1h  quite  Important. 
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Evon  though  the  materials  used  In  miHallo  construction 
will  bo  subjected  to  high  ter.iporatures  foi’  only  relatively  short 
periods  of  tlmo,  the  tlme-tomperaturo  problem  la  still  a very 
critical  one.  It  is  In  tho  time  ranges  of  from  a few  seconds 
to  as  much  as  five  or  t«n  minutes  that  least  Is  known  about  tho 
mechanical  properties  of  engineering  materials.  Because  of 
weight  consldorat Ions  It  is  desirable  to  use  design  allowables 
as  high  as  poswlble  to  take  full  advantage  of  thermal  delays 
and  tho  short  flight  times.  Tho  lack  of  data  Is  partly  tho  ro- 
siilt  of  tho  newness  of  tho  application  and  partly  tho  rosult  of 
tho  current  practice  of  using  conservatively  extrapolated  data 
for  design.  It  Is  woll  known  that  the  physical  properties  of  a 
material  change  with  tempera turo,  and  that  mechanical  properties 
that  yield  point  and  modulus  of  elasticity  vary  downward  with  an 
IncreaHO  of  temperature.  Design  data  which  allow  for  creep  are 
available  In  tho  literature,  and,  because  this  creep  problem  Is 
solved  by  tolorntlng  a known  amount  of  plastic  deformation  over 
a long  period  of  time  (years),  tlie  mechanical  property  data  an- 
soclated  with  this  phenomenon  are  base,  oe  long  tlmo  periods  and 
plastic  deformations.  On  tho  other  end  of  tho  scale,  the  entire 
subject  of  short-time  hlgh-tomiieraturo  behavior  of  aircraft  ma- 
terials roqulroH,  and  la  receiving,  further  detailed  investiga- 
tion [3,33).  Those  investigation  programs  are  usually  disas- 
sociated from  both  tho  conventional  creep  problem  and  the  very 
short-tlmo,  h Igh-hea  t 1 ng-rn  t e problem  typiflo(>  by  rocket -mn  ter  1 a 1 
roqulromentf) . Ah  long-range  inist;lloH  arc*  designed,  c.tlicr  1 om- 
pcii'a  tnro~t  Ime  problcuns  will  appear.  For  oxnm'.)le,  r>no  Hii<;h  prob- 
lem which  has  already  become  cjvldenf  is  the  little  uridorstocjd 
"cx’oop  buckling"  which  occurs  In  inemberN  loacioc.  in  comproHsl on 
with  an  eccentric  load. 
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Beleotlon  of  matorlaln 
not  only  the  connlderat Ion  of 
algnlng  lilgh-Mpeod  nlrframen, 
corrosion  and  onvlronmont.  A 
blnod  with  a minimum  amount  o 
dictory  but  neooHfmry  u<;Hign 


for  the  ramjet  engine  requires 
coriventlonnl  problemn  for  de- 
but also  the  problem  of  stornge 
high  degree  of  reliability  com- 
ma Intonance  proHontH  contra- 
cqulrcments. 
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14.2  DK8ION  CRITERIA 

It  has  been  indicated  that  the  "nature  of  the  materlnln 
problem"  for  ramjet  engines  is  very  definitely  a function  of 
temperature  and  time  in  a moasure  beyond  the  requlremontK  of 
more  conventional  applications.  Before  proceeding  to  a Ois- 
cunslon  of  specific  types  of  matorlalB,  it  would  be  well  to 
connlder  in  general  terms  how  some  of  the  mechanical  properties 
of  materials  are  affected  by  temperature  and  load  as  a function 
of  time.  Time  is  important  as  n parameter  even  though  the  short 
flight  times  for  antiaircraft  mlsslloB  can  take  advantage  of 
thermal  Inertias,  and  therefore  utilise  higher  design  allowables 
than  if  the  material  wore  thoroughly  soaked  for  long  periods  at 
the  operating  temperatures.  It  cnii  then  bo  chown  why  certain 
types  of  materials  are  applicable  to  given  components. 

Structural  materials  must  have  strength  and  deformation 
proportion  adequate  for  the  Intended  application.  Figure  14.2-1 
is  u comparison  of  the  average  yield  strenseH  for  n number  of 
structural  mutorials  at  temperatures  up  to  2000'^F.  la  general, 
the  lightweight  alloys  are  unfavorable  when  tlie  tompernturo 
exceeds  400°F.  In  gulded-missile  structures  the  strength- 
weight  criterion  is  important.  (For  a given  geometry  and  loading 
condition,  the  material  which  gives  the  lightest  member  Is  the 
best  choice.)  In  high-temperature  applications,  the  strength  of 
u material  varies  with  the  temperature,  an  does  tiio  choice  of 
materials  based  on  n streiigth-wolght-tomporaturo  criterion.  An 
an  example  of  this,  n diffuoer  wall,  subject  to  bending,  torsion 
4‘n<l  pre-Hure  loads,  comitructod  of  aluminum  alloy,  would  be 
lightest  up  to  500*^F;  a similar  wall  of  titanium  alloy  up  to 
900^F,  aiiii  a stalnlonH  steel  wall  would  be  lightest  above  900*^F 
(based  on  yield  failure).  A comparison  of  etrength-welght-rat lo 
vorsuH  temperature  for  typical  materials  Is  shown  In  Fig.  14.2.2. 
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After  the  denlgn  environment  has  been  carefully  entabllahed , 
full  advantage  of  epecial  propertlea  of  certain  materlnln  can 
be  realized.  In  particular,  the  coat  of  raw  materlala  may  be 
an  Important  conalderatlon.  Figure  14.2-3  nhowa  a cbmparlaon 
of  Btrongth-coat  ratloa  vernua  temperature.  It  1m  Important 
to  note  that  thia  figure  doee  not  include  conalderatlon  of 
fabrication  and  ponnible  epoclnl  tooling  contn. 

Since  the  Htructural  material  will  bo  BubJecteO  to  both 
static  and  dynamic  loads,  the  strength  criterion  must  bo  basod 
on  the  name  environment.  Hence,  the  endurance  (imlt  of  the 
uinterial  will  be  the  appropriate  meauure  of  strength.  The  en- 
durance limit  1b  an  indication  of  the  metal 'r  renintance  to 
fatigue  phenomenon,  which  for  moet  englnoerlng  metaln  lleR  be- 
tween 1/4  and  1/2  of  the  ultimate  tensile  strength  of  the  ma- 
terial for  ton  million  or  more  ropotltlonH  of  the  load.  For  the 
forrouB  metulH,  the  endurance  limit  is  conHlderod  to  approach  a 
limit  termed  the  fatigue  nirength,  which  Is  independent  of  the 
number  of  Mt rouH  repet ItionH.  Thin  limit  dlsappearn  at  elevated 
temperature  where,  for  all  materlala,  the  endurance  limit  Is  a 
function  of  ttie  number  of  appl lea ions  of  the  load.  The  measure 
of  a material  *H  renlfitMiice  to  static  elastic  deformation  is  the 
modulus  of  einnticity.  This  relationship,  which  approximatos 
the  ratio  ot  Htrens  to  ntraln  in  the  elastic  range  as  a straight 
line,  in  nlno  a function  of  temperature  and  decreases  in  value 
with  an  liicrenso  in  temperature  as  sliown  in  Fig.  14.2-4.  For 
dynamic  do  format  lone , in  addition  to  the  modulun  of  olastlcity, 
the  donfllty  of  the  material  munt  be  con«ldored , since  iiccclornted 
niuHHOH  give  Inerlln  forces.  An  ideal  material  for  dynamic  uppll- 
cations  might  be  one  as  light  as  magnesium  and  as  stiff  ns  tung- 
sten, but  the  Bolectlon  of  a material  for  a particular  use  Is 
usually  bn«cd  on  static  rather  than  dynamic  deformations  as  u 
strvictni'al  design  criterion. 
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Rti:lativ«  cottt  boMd  on 
SC'k  K4"k  0.065"  «h««t 
in  carlood  lots  (20  tons) 


Klg.  14.2-3  TEMPERATUHE  vh  RATIO  OF  STRENGTH  TO  COST 
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Othvr  mechanical  and  physical  properties  euch  as  thermal 
expannlon  (Fig.  14.2-S),  thermal  conductivity  (Fig.  14.2-6),  and 
erosion  resistance  are  also  important  In  the  selection  of  ma- 
terials for  ramjet  engines  and  further,  these  properties  increase 
in  importance  as  missile  flight  times  become  longer.  The  prob- 
lemii  of  thermal  expansion  and  thermal  shock  are  especially  im- 
portant in  built-up  structures,  particularly  those  Involving 
several  different  materials.  Consideration  of  corrosion  prob- 
lems in  military  applications  requires  careful  selection  of  ad- 
jacent materials  unless  extraordinary  protection  precautions  are 
taken.  It  is  preferable  to  use  materials  as  close  to  each  other 
an  ponnlble  In  the  galvanic  series  (Table  14.2-1),  and  in  no  case 
separated  by  more  than  one  grouping. 

Another  mechanical  property  of  considerable  interest  in 
ductility.  Since  the  nature  of  missile  structures  loads  to  com- 
bined stresses  and  stress  concentrations,  msterialn  with  low 
notch  nenslt ivlt los  are  desirable.  A usable,  but  not  complete 
moanuro  of  this  property  Is  ductility,  which  shows  up  In  tho 
mechanical  properties  most  commonly  ns  per  cent  olongnilcn  in  a 
specified  gage  length,  and  less  commonly,  but  more  accuriitoly 
as  per  cent  reduction  of  test  speciMon  area.  These  properties 
are  also  some  measure  of  a material’s  "toughnoss"  which  indi- 
cate its  ability  to  absorb  energy  before  fracture  and  is  there- 
fore an  Importont  measure  of  workability.  For  purposes  of 
compui’lson.  Fig.  14.2-7  shown  the  relative  ductility  of  several 
typical  materials  at  room  temperature.  At  elevated  teinporntures 
the  ductility  In  lnvu:'lul>ly  lmj>roved. 

Detail  design  consldernt ion  musi  Involve  not  only  tho 
Initial  temperature,  but  the  actual  toinporat  ui’o  legimo  ns  a 
function  of  Hach  number,  altituoo,  and  temperature  history. 
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Mogn««tum 


Aluminum 

_ . . 1 

SiMI 

^ 

Hottclloy  ( Alloy  X ) 


Inconol  X 


ntonium 
. 1 

- 

Molybdenum 

200  400  600  000  1000  1200  1400  1600  IBOO  2000 

TEMPERATURE » -F 


M.2-5  TIIKRMAL  EXPANSION  vm  TEMPEIIATUUK 
FOR  SEVERAL  MATERIALS 
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TABLE  14.2-1  Galvanic  lA  HklfiX 


Curro4«d  Rnil  (smicIIc,  or  looot  nobis ^ 
nooluM 

Mognaslua  Allafs 
time 

GoIymUmocI  Atool  or 
OolVBnla«4  Vroogbl  Iron 

Atti»lnu» 

(ttaSN,  41,  9«,  M,  Alt-T,  In  this  uriiar) 

Alfilnd 
CndaluB 

AluolnUM 

(AITI-T,  I7I-T,  341  T In  thio  onUr) 
lit  Id 

Vroucht  lr«»ti 
Cnot  lr«m 

Hl-Bsslat 

19  par  nanl  Cliroalua  Btalnlaaa  Btaal  T|rpa  410  (atillva) 
IT  par  rant  Chrnalua  Btalnlaaa  itaal  Tfpa  490  (artira) 
Haalalltt|F  C 

00  &C  Land  Tlit  «ul<l«» 
ll-B  Blalnlaaa  Btaal  Tfpa  904  (a«>llva) 

IB-19-9  StnlnUaa  Btaal  Tfpa  9I«  (arilva) 
t*aad 
Tin 

Bunta  Batal 
HaaB******  Bronaa 
Haral  Biaaa 

Bolf bdanun 
B^obal  <a«^(lra) 
iaooual  <a«ttlva) 

Bnatallof  A 
■aatallof  B 
Talloa  Brsaa 
Advlrallf  Braaa 
Aluolnun  Bronaa 
Bad  Braaa 
Coppar 

Btllcott  Bronaa 
•<1-10  Coppar  Blali«»l 
70-90  Cappat 
t>*^<ialla  O Brt»fl«a 
f oapoa 1 1 a B -Hr onaa 
Mliibal  <i»aaalva) 
lM4'on«|  (paaaiva) 
ll4»oal 

19  par  cant  ChnNilua  Btainlaaa  Btaal  T/p«  4|0  (poaatva) 
IT  par  oant  Chri*a|iiB  Blalitlaaa  Btaal  Tfpa  490  (paaatva) 
IN-P  Btalnlaaa  Btaal  Tfpa  904  (paaaiva) 

IN  9 Btalnlaaa  Slaal  Tfpa  9IA  (paaaiva) 
Tllaniun 

Br«ita(itod  Bnd  (oatbodln,  or  Moal  nnhia) 
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Use  l8  made  of  Hcverai  different  "atandard*'  dayu  (Table  14.2-2) 
to  obtain  a atartinfc  oolnt  f establlehlnK  the  temperature 
condltlona  for  correcting  thi''  design  allownbloe.  Usually  for 
structural  design,  the  "stanuard”  hot  and  cold  days  are  used, 
since  they  reprssont  an  envelope  of  "worst  design"  conditions. 
Such  standard  days  cannot  exist  meteorologically,  but  condi- 
tions at  various  places  on  and  above  the  earth  can  and  do  match 
points  on  the  standard  day  curves;  consequently,  it  Is  desir- 
able to  use  these  for  design.  For  calculating  the  performance 
of  a missile,  however.  It  Is  preferable  to  use  polar  and  tropi- 
cal days  since  those  can  exist  meteorologically. 

Any  material  has  certain  advantages  and  disadvantages 
In  a given  situation;  however,  the  material  selected  will 
usually  be  » compromise  based  on  the  following: 

1.  It  is  satisfactory  for  statical  loads, 

2.  It  Is  satisfactory  for  dynamical  loads, 

3.  It  fulfills  special  requlremenlH  (such  ns 
corrosion  roslstance,  damping  capacity,  etc.) 

4.  It  la  practical  to  fabricate  on  a production  basis, 

5.  it  is  available  (and  Is  not  a critical  material 
In  time  of  war) . 

A means  of  rating  strategic  and  critical  materials  [l]  is 
frequently  of  value  In  perfoi'mlng  both  preliminary  and  production 
design.  In  determining  which  one  of  sovornl  Hultiible  matorlnlH 
should  be  selected  fur  a specific  application,  conHlderation 
should  be  given  to  the  current  and  possible  future  scarcity  of 
the  material. 

This  Is  a method  of  rating  an  element  numerically  ac- 
cording to  Its  relative  scarcity  by  applying  material  factors 
("MF")  to  the  element.  Boron,  which  Is  considered  abundant 
and  noncrltlcal,  Is  given  an  "MF"  of  1,  whlls  columblum,  con- 
sidered the  moat  scarce  and  critical,  Is  given  an  "IIF"  of  2200 
(Table  14.2-3). 
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TABLE  14.2-3 


£2UUQUlfi&  QJL 


Curr«MJt 


C»rr«nt 

MyJOiliLJiXAlk 


Aluminum 

(Al) 

14 

If  a nKanonc 

(Mn) 

6 

Antimony 

(Sb) 

fi 

Mol  y bdoii  uni 

(Mo) 

2H 

Bory  ilium 

(mc) 

220 

Klc.cl 

(Hi) 

22 

Do  1*0  n 

(B> 

1 

Solon i am 

(So) 

50 

Cadmium 

(Cd) 

4 

Sill  con 

(SI) 

5 

Co  r 1 urn 

(Co) 

24 

S<  Ivor 

(Ak) 

2 

Chromium 

(Cr) 

5 

TanI r 1 am 

(Ta) 

HOO 

Cobn  1 1: 

(Co) 

100 

To  1 1 u r 1 urn 

(To) 

6 

Co lumh lum 

(Cb) 

2200 

Tl  a 

(Sa) 

1C 

Copper 

(Cu) 

H 

Ti  tun i um 

( foi-ro) 

2 

Oormn alum 

(Oo) 

4 

Tit a alum 

(Ti) 

70 

Indium 

(In) 

HO 

TuiikhIimi 

(W) 

70 

Iron 

(Fo) 

2 

Vanadl um 

(V) 

5 

Load 

(Pb) 

7 

Zl  nr 

(Zn) 

C 

LI  thlum 

(LI) 

80 

Zi re on i um 

(l.r) 

:» 

Mag non  1 urn 

(»*k) 

10 

biyuLhollcti 

Acryllr  roslnH 

(lufflto,  ploxl^laHH.) 

2 

AHbontoH . 

long 

f Ihor 

3 

Ccllulono  ncotntf'  Inityrntc  rots  In  (ionUo) 

CeliulOHC  acotat.<5  J I , ru»ij.stoHO,  *)lc.) 

GlaiMH  <;]oth  find  "‘‘‘I  ( f mh  ) 

Mn  1 nnit  nn -forma  1 tl«hyd<!  iohIiih  (m«?lniat;,  lii,  oLc.) 

! 1 <•  ■ <*h  I no  (haler  1 1 1 , uiirry, , nt.r.) 

Poiywl  ymn'  roH  I no  (wlyron,  ha’  i>lt<«>,  rl,*-.) 

l*{j  I y am  I drs  (nylon) 

Po  I y I o t.  rii  f I uoroi' thy  leno  I'l’nln  (tol'lon) 


2 

1 

d. 

2 

2 
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'Jsint  thOHo  matorlfil  rnrfcor«^  material  numborn  (’'MN") 
may  bo  obtained  for  complex  matorlnlH  nuch  an  24S  nluminiim 
alloy  and  4130  nteol.  Of  novoral  complex  materlala  suitable 
for  a certain  application,  the  ono  with  tho  lowont  "MN"  nhould 
bo  choNon  If  Hcarcity  munt  bo  connldorod. 

An  example  of  tho  method  UH««d  In  dotorinlnlnK  thu  "MN"  of 
a complex  material, may  he  llluMtrated  by  4130  eteel. 


TABLE  14 . 2-4 


EI<tm<iiit.N  Por  Cent 


c 

0.  3 

X 

0 

- 

0 

Mu 

0.  .*1 

X 

0 

<*• 

3 . 0 

SA 

0.  3 

X 

ft 

- 

1 . ft 

Cr 

1 . 0 

X 

J> 

- 

ft.  0 

Mo 

0.2 

X 

28 

ft . t> 

Fe 

07.7 

X 

2 

m. 

1 Oft . 4 

Total  210.  r>  carried 
to  lioareMt  whole  number 
- 211  - "MN"  foi 
4130  Hteel 


A tabulation  of  mntorlhl  numberti  for  materia  Ih  of  1 n- 
teroHl  to  mlHMlle  tlenlKueiH  In  found  In  Table  l4.2-;5.  Thin 
lint  may  be  kept  up  to  date  tiy  reviewing  the  tpiarlerly  or  neml- 
annua  1 changeH  made  in  material  fa<*toi’H  by  the  lltjuearch  and 
IVive  lopineiit  Board. 


- 21  - 

CONFIDENTIAL 


IHlI  laM.iiMVNl  JMtjMmiflON  AffSCIiMM  fMf  MAIaOiat  r)|<rtNM  Of  ?H«  iMtVIl  ttAllt  WIIMM  Im4 

WfMtHtl  ]ff  IH*  rV» <*»*••  IMKI  MU*  It  like  Mt  ANII  rf«  l««l  lAMUMIItMIN  r«« 

• IN  afV'iatHN*  0»  lt-»  nM'lltlt  IW  »»*T  M*WN*4  IM  an  « lUNtOM  '1  ««>**§it|b  t* 


CONFIDENTIAL 


TABLE  14.2-5 


SiiLkftirJjEl  iLMmtuaxfl.  liix.  Camp  lax  MaJjsxiJLltL 


ALumlaum  Alloy 

6l£C.XAlX  Quality  StcolB 

:aiH2 

L4S 

1342 

No. 

173 

1348 

(AlSl  unloHR  othorwlso 

243 

1351 

JUICClliJUD 

523 

1388 

618 

1373 

1095 

201 

7.53 

1316 

4130 

213 

4340 

252 

356 

1324 

AMS  5350 

294 

SAF  135  (nttnilloy) 

234 

£LLaLiaIiifiAL.SiJial 

axaas 

Ixuii 

Nnvnl  brnHH 

728 

302 

463 

Commorditl  braNH 

730 

303 

463 

321 

517 

414 

288 

llantolloy  X 

1400 

- 22  - 

CONFIDUNTiAL 


tM«  OOfUMHt  m9€fHS  7U1  UOntS  *9%t99  TMI 

MV<MM  nf  4.«a»«  Tlf^l  )«.  tt»i.  M«TOMk  111  ft*  fHI  nU«fM»i«H|fi  «t 

tHf  MvtIAtHM  ttf  iT«  <M  «*«V  »AMM«N  f»  A«  yNAVT^IIVf  *t  NMMtlHt  tf  UM 


r 


CONFIDENTIAL 


** 

i'-y 


14. n APPLICABLE  MATERIALS 


In  thlH  Bnctlon  nro  covered  Home  of  the  tulvoninKon  nnd 
dlMiidvantaKOB  of  proHont  and  future  rnm.jei -oukI no  miiterlulH. 
Littlo  will  bo  included  of  tho  doMljtnor'H  problem  of  roplaclnK 
conventional,  productlon-trlod  maierlaln  with  now  matcrlaln 
which  require  dlfforoni  fabrication  and  tooling  tochnlquoB  nnd 
additional  trninintc.  Thin  oducationnl  probloni  miKht  woll  ho 
encountered  at  all  technical  nnd  nuhtnchalcal  lovein  lu  any 
NlaKo  of  mntorlnl  application. 

In  connlderlnK  materia  1h  for  ramjet  eiiKlnoN,  It  will 
aKain  be  convenlGiil.  to  divide  the  eiiKlno  Into  a comhiiMtor  iiyn- 
iem  nnd  a dlffuHer  eyntem,  both  of  which  are  comnl  nn  1. 1 oiih  of 
ouKine  and  alrframt*  pariH. 

MntorlalH  for  tlu»  comhuHior  mimt,  for  the  moHt  part, 
retain  their  e liiHt  1 c-rnuRe  mechaalcal  proper!  lea  at  lilKh  l.enii- 
pernturoH.  For  denlKa  purpon<*H  the  definition  of  a hlich  tem- 
perature fitructuiM'  1h  151H»**F,  but  future  requ  1 reinentn  may  he 
an  UIkIi  nH  SOOO^V.  AuHtonltlc  HlalniOHH  nteeln  of  1 he  AIHI  'M)2 
and  typeH  arc  frequently  UHed  foi'  ntrut  tuiim  at  thoKo  toin- 

|)eratures.  Theae  UiC  low  carbon  Hteoln  wltli  18  per  cent  chrome 
nnd  H per  cent  nlcltol  and  are  ductile  nm.  Hiiltahl<«  for  the  forin- 
Ing  nnd  wcldir.K  tochniquoH  common  to  corahuntor  componentH,  At 
present  no  ferritic  low  alloy  Mteel  (whlcli  would  Do  more  work- 
able, weldahle,  or.onomlcal,  iin<l  lone  critical)  han  been  devel- 
oped which  can  be  need  at  ! 50()’*F . The  tinl)lne  liidiiHtry,  lu)wev(»r, 
ban  Huccoethul  in  <Iev<!lopliiK  a c.hronie-mol  ybduauiii-vannd  linn  ferritic. 
Htec!  Rood  111  l()()()**K  foi'  IiikIi  prenHui«?  turbine  a pp  I t cn  t I one  , 1 n- 

dtcntlnK  that  proRcenn  Ik  beinR  made  in  thin  flc»ld.  AIho  avail- 
able ar«i  noaferroiiM  alloye  for  hlKh  temperature  Morvlcc  which 
are  Huperlor  to  HtalnleriH  eteel  lu  their  hlRh  tmnpevnture  prop,- 
ertlew  but  are  more  olfficult  to  fabricate,  more  contly,  ami 
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u«o  more  crlticnl  coriHlituontH.  Two  oxnmplofi  aro  HnBtolloy  X, 
ft  nowly  clovolopod  iiiokol -molylHJomm  iil  loy  (low  In  otraloKlc 
alloy  content),  and  Inconel  X,  a chromo-nickel  alloy.  If  com- 
huntoi'-wiill  teiiipera turoN  are  Incrcftflod  to  ISOO^^F  or  nbove , It 
becomoH  uocoHflai'y  to  tul’ii  t<j  a pure  metal  like  molybdenum,  whicli 
1h  at  proHoiit  oxpeimlvc  and  difficult  to  fai>rlcato,  or  to  one  of 
the  iron-chiomlum-nlckel -('ohal  t nli<iyH,  rucIi  an  liayneR  alloy 
No.  25,  wlilcli  liave  I he  doiii)le  dlHadvantaKo  of  ))etnK  i>oth  expen- 
Hivo  and  compoHod  of  ci'itlcal  ma  ter  i n i .h  . A laiK<*  iimoMiit  of  tho 
current  material  r<moarch  1h  (xiiuK  di'voted  to  deveioplnjt  now 
hlKl>-tumiKvrnture  metallic  alloys. 

At  tempo  ra  til  r«'M  above  tHOo'^K  mik'Ii  iionmotn  1 1 Ic  ma  l.oi*  I ii ) a 
aw  tfu^hiilcal  ceramlcN  may  lie  cofiHidered.  Hpecial  proportloM  of 
nevonil  typical  t:ochfit<*al  ceramlcH  are  la  Table  14.5-1, 

TIioho  matei'lalH  have  deul  ruble  h iKh- tem|iera  tiiri*  eba  rac  Lori  til.  I cm  , 
tiut  are  uHiially  brittle  and  Multablo,  nlnioMt  wlthoiil.  oxcopf.lon 
only  for  coiuprmiMtve  hLi'cmh  londl;>KM.  Ceramic  con  1 1 iikm  are  a<!l- 
vantaKOOUH  bo<*nuc«>  they  permit  the  iioe  of  Iohh  critical  mntorlalH 
and  may  be  uned  If  the  <>xt  ra  cent  of  procoHNlng  and  tiandllriK  1-h 
not  oxcenfiAve.  Bubut  1 tut  1 on  of  ItKht  nlloyH  lor  HteelH  by  iihIiik 
coatlnKU  1h  uHuully  not  foiiHlble  t n combuntor  partw,  Mliicre  tho 
workliiK  teinr>orat.uro  oxceedH  the  iiMiiai  nllowablo  valuoH  very 
rapidly.  The  ^•eramt<'  merely  ftiitteiin  ttie  rate  of  the  tempora- 
lu»’e-rlno  curve,  tint  dooH  not  net.  bh  a complete  innulalor. 

No  t u 1 -ce  rami  <!  compiui  1 1. 1 oiih  I'omti  I n:  iik  the  deHtiable  iiKMbautcat 
properties  of  both  muterlalM  may  be  iineful  for  certain  iippllcii- 
t.leiiH,  but  fabrication  Ih  llrait.od  to  powdei'  met  a I 1 ur^t  1 ca  I pro 
conHOM  becftuue  of  the  IiIkIi  moltliiK  lemperii  turen . Some  of  tlioMo 
mu  tori  a in  are  extremely  tirtttle,  uiul  cnroiot  be  iiMeii  except  uinlor 
compieiiHlve  loftdK.  Special  donlKU  tocbnlque.s  aro  tbuu  ie<pilre<t, 
and  mHcbliiiiiK  .1  h UHiinlly  dona  in  the  iinHiatered  I'oiid  i 1 1 on . 
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Another  ponnihln  solutlo::  to  the  extreme  hlKh-tempornturo 
problem  J n the  co«bu«tor  mny  lie  Jn  the  application  of  protective 
coatlngn  of  oxlntlng  high-temperature  matorlalu. 

Dlf  fuHer-syntem  componontn  are  nt  preHoiit  mtb.jocied  to 
maximum  tomporaturoB  of  about  4f>0*’F.  Steel  need  not  bo  connid- 
orecl  until  »n  operating  temperature  of  about  900^F  In  reached, 
Blnce  competition  with  the  lighter  maforialfl  would  ror,ulre  gnugoH 
impractlcnl  to  fabricate  for  the  required  conf 1 gurn t 1 our . Light 
al  loyH  are  proHently  iiHOd  for  dlffuMor  componontH.  Typical  do- 
Bign  data  are  Hhown  in  Flgn.  14.2-1,  14.3-1,  14.3-2,  14.3-3,  and 

14.3- 4.  Althungii  the  heating  rnten  imed  to  obtain  data  for  FlgH. 
14 . 3 2 and  14  3-3  are  higher  than  antlclpnlod  for  antiaircraft 
mlHHlle  «tructur€'H  (except  the  combuHtor)  , the  data  are  coiihIm- 
tent  and  adequate  for  doHlgn.  Uuch  more  detail  In  given  by  the 
HunltlonH  Board  Aircraft  Committee  *73)  from  which  Uioho  data 
were  extracted.  New  aluminum  ulloyH,  at  prenent  In  the  develop- 
ment Htage,  offer  the  poHHiblllty  of  about  35  per  cent  higher 
Htrength  propertloH  at  OOO^V  than  alloyn  proHontly  in  mho.  A 
H<*rlouH  Hhortcoming  of  aluminum  ban  been  the  poor  weldability 

of  Homo  of  Itfi  stronger  nlloyH.  MngneHium  in  another  materlnl 
which  liiiH  Htrengtli-wolght  propertlen  attractive  to  the  dcfilgn<*r. 
Typl  cal  doHlgn  data  for  nome  of  the  alloyH  are  hIiowii  In  Flgn. 

14.3- 5  and  14,3-0.  MagnoHluiri  haft  notch  KciiHltlvlly  hh  good  nH 

aluminum  and  j)om<mhut  better  fntlgcie  propert  1 eo . HcccmiI  nd- 

vaiHHUj  in  the  field  of  rnagiU‘H  1 iim-ra re  eiii’l li- v.l I’con  1 uiii  alloys 
offer  good  hlgh-temporntiire  properl  l«ts  up  to  bOo'V.  MngneHliiiii 
requiroH  extra  precautions  lo  lintiire  <M>rroHlt)n  re.'i  I s t iim:e . 

In  the  IfMiipo!.  rn  I II  rtf  range  Imtwetsi  500**  tiiid  000**F  , f Itinnloiii 
linH  the  mechanical  proptfri  Itifi , strength,  Mtll'InesH,  and  corro.sloii 
ruHlMtiince,  retjuirtui  for  a good  dlfl'uHor  mal<;rlal.  Tht)  niecbaii  Itni  1 
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14.3-3  DESIGN  (XEVES  FOR  75S-T6  ALUMINUM  AUOI  SHEFT  AT  300^.  400'",  AND  500  F 


' Sfes^n^SKurr  Ai'cy 


CONFIDKNTiAl 


^ too 
if  2 00 


MH  Alloy -Ifoofn  TiMnp  Pjy  *k*/X>0- iSpOO 
P8-IH  Alloy*»»oon*  'ftntp  B,y- »pOO-M,000  Ib/lo* 

^ I Tofltllt  Ylold  Stroaa  (Pyy  ) ^)f 

I O B to  too  Hr*  Cipoturo 


-MH  Alloy 

-4 ^1 

FS-IH  Alloy 


o too  cCO  500  ^00  300  coo  TOO  6G0  900  1000 

TEMPERATURE , T 

kik.  N.::-r>  m'Fkct  of  klkvatkd  tumpuhatuiiks  on  the 

MECHANICAL  PROPKHTl  EM  OF  TWO  MAGNESIUM  AI.LO'^M 


lota)  dalofOMllon 
ly,  ,4%  I I 


1 I 

I I 

40O*f 


tnl0  fO*'f  | | 
(MfiMITKition  ifM  llXitt  IhfTOIol 

I 

•Bfxinttun  nf  O A4  X | 

f I I I Mil  I I I 


H«al(r<g  tnH  A A /««c  | 

Oaformotkm  mkIixIm  lh*rmal 
•■ponikoft  uf  0 4f%  I I 


M * > 

|h»i  [Wj 

o L_ 


I I loitil  <F0A»iirMi(KwJ 

.iUJ LX-i_U_Uj 


III  02  04  0«  on  10  2 5 4 5 o C K; 

I IMF  (inlnut«») 


A>  S0  4<.)80ft0 


FIk  U.  DESIGN  CURVES  FOR  MAGNESIUM  AI.I.OY  MH  AT  4()o'’  AND  rioM^F 


- :m 


CONFIDENTIAL 


ITWI  IFM>MI*>t  C<iMtA>*lB  «»n^MAfRm  AI'Ftr,tlM9  It«B  MOONAl  OfMKM  DT  f«4l  '«^(ku  klAflt  WlrMta  IHC 
M9AAMM  OF  tHf  |BrA*ip<«B  iAWt  HUI  l9.  UlU  BfCfIJNt  iBt  AHII  IB4  Mf>  tMAkMIBVMtai 
ri«  KrvtiAMiM  Of  III  conrB4(i«  m $*ti  f»  am  tMAUiMofiiMtt  p«wit«N  >^Diti«iiio  i.m 


..’i  I 


CONFIDENTIAL 


proportion  of  tltnnJum  and  Itn  nlloyn  nro  not  ns  well  on tub- 
linliod  na  thoso  for  tho  more  convontionnl  Aintorlnls,  but  oou- 
tlniiod  UHO  nnd  tonts  hnvo  disclosed  wonktioHseH  which  will 
ovontunlly  bo  corrected.  Typical  dosl|;n  diitn  are  i{lven  In 
FIK.  l<i.3-7  nnd  additional  detail  Information  on  titanium  Is 
glvon  on  page 

A structural  efficiency  evaliialli>n  l;ir>l  «>r  commercial 
tltai>ium  sheet  and  extruded  7.1S-T(1  and  2-1S-T3  aliimlnuiii  alloys 
with  Mhort-tlnie  loading  ludlcnted  that  titanium  sheet  In  the 
more  efficient  at  ttunperntures  above  400^F.  Tho  ovaiuatJoii  Is 
given  for  compressive  loiullng  without  biicklliig,  for  column 
buckling,  and  for  buckling  of  long  plates  It.  compression  or 
filiear.  Tin*  oval  tint  Ion  (ixtfMuUul  frttin  HO**  t«)  liO()**K  and  also  In- 
cluded magnesium  'ZK(>I)A  niloy  aiul  IH-H  stainless  steel.  The 
HtroHH -strain  ttfsts  wore  |)er formed  after  the  material  was  ex- 
posed Iti  the  test  temperntiire  for  one  hour,  wltSi  loading  at  a 
Htrnlu  rate  of  0.002  lii/ln/mln.  For  shortor  times,  and  ft>i- 
titanium  alloys  otiior  that)  I lie  commercial  grade,  it  iippeiirs 
that,  fov  temperatures  less  than  400^’f,  tho  ntlvanlage  ii  1 .so 
favors  the  titanium  for  the  cnHes  where  ullowiihle  stress  iiiid 
not  modiiluifi  Is  the  <h>termlnlng  factor. 

Plastics  off<*r  another  posslhle  si  ructurii  1 material  foi' 
diffuser  comi>oiient  h . These  i'.lastl<!M  are  iiHOd  In  tin?  form  of 
Inmt  nil  tes  In  which  miiny  lii  y.i)i's  of  fabi'ic  such  as  flhei'glas  are 
bonded  logenu'i'  with  a h I gli- tempera  I iiri*  res  •.  n to  form  si  nu'- 
tiirnl  Hheets  of  desired  t.lilcUisess  with  stienglli  pi'ope  r I 1 es 
ninde  to  order.  Pres<Mitly  avatliiiile  are  glass  plionoH''  laial- 
iin  I <*s  capahli*  of  use  on  ii  fiivoraliie  s I I'eiig  I li  - we  1 gh  t hiisls  at 
tempo  vsi  til  litis  up  to  TiOO^'f.  These  ^;hel*^.H  are  aiueiianie  to  he  I sf’ 
formed  and  Joined  Into  I'omplex  sli'iictural  members,  but  they 
miiy  n I HO  lie  lined  as  the  sLIns  of  saniiwlch  members  wH.lt  a light- 
weight motal  or  plastic  core.  Typical  dc/Hlgn  da  I a are  given 
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In  riK.  14,r.-H.  Although  It  1h  appnront  thut.  (IohIkh  nliownbloM 
<llnilnlMli  rapidly  with  IncroiiHP  In  tonipora  turn , tSiO  Rliovt  I’IJkIiI 
ilniOH  and  hliih  thnrnuil  Innrtia  permit  thoir  imo  nxtoiiH  I v«ly  , 
trv»iii  for  primary  Htrunturos.  One  of  tint  ban  lc  ! i i.i  1 ta  1. 1 oiih  for 
pnrlfi  oxpoHo<l  to  airflow  1h  tlu»  r«Mi<linnMH  with  wlilrli  m'Iiiio  of 
tlu»HO  atorlalH  lt;tid  t^*  dnl  iimina  to  mm  lo  im'ohIoi.'  In  l.lm  wlnd- 
Ktrncm.  Tho  very  low  Htlfl'imfiH  of  plartl.  icu  to  n blK  illnadvaii- 
tatiio  but  bu<;kllnK  1h  iimialSy  ollmlnaind  by  pro|iur  (iohIku. 

If' Ibp  t'K  I af<  lamlnntoM  ii|)pi«ai'  iiMiibl«>  f<'r  pra<rtirally  all  ntrimtiiral 
<M(Mii<uilfi  of  a 'i 'hu:  iiiImmIIo  Inr.liidln^  l.lm  l:ill|)l|)o  If  approprl- 
ato  <:<’raml<:  or  iiinlalllc  llimrH  a rn  mu*<l.  Tim  ovoi  wlinl  ml  ii^  r.d- 
vaiitaKo  of  |>laMtl<;  MtrncliiroH  in  l.lm  rndurod  i ai>r  I <:a  I I nt{  oohIm 
diu'  to  loHH  f(pa<'<«  bn  I iiK  rnqii  1 rn«.  f<»r  pro(‘nuM  I iij^  iiiul  I Im  fnanl- 
blllly  of  mil  UK  Mom  I -mIc  I 1 1 nd  labor. 

Mill'll  curront  i'om>ai'rli  In  (bln  fli'lti  In  dovotml  to  I Im 
dnvolopmuni  of  rn  I nforcod , low  proHimm  lamlnatoH,  and  timir 
mm  In  both  imroiidaiy  'Uid  primary  Mlnmtnrno  Hhontd  bo  ^roatly 
oxpamlnd . 

PXttULCXUltili  QX.  AUPllCftlilC  HalOXUllH 

Ttibnlar  1 afo  niia  1 1 on  foi'  ronvon  t I ona  ! ma  I «' r I a II  fi  Im  I o- 
clmlnii  ill  Tallin  Id.d-i’.  lo  pirnilt  nasy  <-oiii|>a  r I non  t<,r  p ro  I 1 m I oa  ry 
dmilKii  of  H I. ri»<‘ III ru  1 olnmniitn  of  p.iildod  inlKrillnM.  An  In  nlwayn 
nooil  prmtlco,  filial  ilnnlKii  allowablnri  nboul<i  'oo  i.ani'd  on  I'KacI 
I iiforiiiii  I.  Ion  obtaliinil  from  tbo  iiutiirlul  iiianu  f an  t ii  rn  rn  . 


Tilitaiuiu 

Ttlanlur.1  In  1 ho  ijownnt  iiiatorlnl  aviillnblo  for  ubo  In 
Htriint  lira  I dnnlKn  an  a i^uinlbln  rep  Inooment  toi'  ootli  aluminum 
and  ntalnlnmi  ntonl  alloyn  f.or  nlovnlod  tcmporaturo , high 
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Htrongth-wolKht  ratio  nppllent  ionn.  It  1b  n 1 lf<h1 -woJ  ulit , 

Htrong,  corroBlon-roHlatant  motal  which,  for  Htruciurnl  work 
at  tomporuturoH  loan  than  900^F , npproxlmatol  y ritu  J)ctwoon 
Htool  and  aluminum  from  cotih  Idorat  ion  of  donsity,  moduluH,  and 
Htroauth,  For  oxamplo,  whore  titamlum  can  bo  HubBtltulod,  only 
60  por  cent  an  much  weight  In  reqiilrod  for  HtninloHH  Htool  , hoc- 
tlon  for  Boctioa.  The  main  advaiitagon  of  titanium  an  a utriic- 
tural  material  are: 

1.  Up  to  approximately  70I)*'k,  it  haw  a hlglior  ntrength- 
welght  ratio  than  any  other  Mtructural  iiiatorlal, 

;i.  it  iH  vlrLuiiily  aon-corroH  1 ve  and  noii-oroKlve 
(much  better  than  HtalaloMti  Hteel  or  monel) 

in  Hal t air,  and 

3.  f ulii' 1 ca 1 1 on  can  be  <loiio  with  Ht.an(lar<l  procmiFiOH 
and  mncliinory  (but  with  nomo  changen  la  IooIh, 
fe<MlH  , and  Hpeedo)  . 

DinadvaiitaKOfi  ar<?; 

!.  High  coHt  of  raw  mjilerlal, 

2.  difficulty  In  rapidly  procenHlug  high  Htrongtli  alloyn, 

3.  difficulty  in  making  ductile  we  Ida,  and 

4.  I ncoiiHlMteiicy  of  phynical  propertlew. 

Nominal  meclianical  proportlew  and  chemical  compoHltloii  are  given 
in  Table  14.3-3  ai:tl  3'able  14.3-4.  Titanium  meltii  at  toinporaturen 
lx'twe<Mi  2550^  and  3ir)0**F,  <lepeudlng  on  the  alloying  cons 1 1 tueiitn ; 
its  d<‘nHlty  vnrien  from  1).  lb  lo  0.  17  and  hardnesM  from 

190  to  270  llrlnell  llar'dnoKM  Number.  Hui’fm:e  hiirduesH  companibl<« 
to  iillrldeo  s(<n)I  is  I'oiidlly  oblalualilt*  by  approprtnle  h«ni  I 
trenlaiiMit.  'i’he  nioduluH  of  elasticity  Is  al)oul,  10  x 10^’  Ib/ln^ 
(approx  1 ma  t<*  I y half  that  of  sleef)  and  drops  to  alnnil.  12  x 10** 
at  M00*V  (Fig.  14.2-4).  A(ipareotly  co  1 <l-worI  1 ng  ch'vagcs  the 
value  of  the  nioduluM  to  a «.iegre»»  not  itsunlly  eiici>unt e i<*d  In 
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oth«^r  <MiK i non r lilt;  inatorinlH  and  thin,  in  part,  nccoiintw  for  tho 
variation  of  5 to  IS  per  cent  (doponding  on  tho  toinpornturo)  irt 
thn  oxpnrliiiontnl  vuIuom.  Tho  ondurunco  limit  of  titanium  In 
very  good  with  valuon  gonorally  oxcocMilng  f»C)  per  cnn.t  of  tho 
tnnHlln  ntrnngth,  and  preliminary  information  on  Impact  propor- 
lioR  indlcntoK  a very  high  impact  lOJiintancn  ovor  tho  tompora- 
turo  rarign  of  ()”  to  POO-HOO^'f . Cooh  I dnrablo  Hcattor  oi  tlio  «lat.a 
gives  fjvldoncc  of  variation  In  thn  malnrlr.l  an  i«icoivcd  from  tho 
mill  hut,  on  thn  who  in,  I Itanium  Mh,own  ii«>  novoro  notch  Honnl- 
tlvitv  and  donn  Hhow  u gradual  rathor  than  an  abrupt  change  from 
(hictllo  to  hrittlo  frnc;t.iir\f  an  u fnii<*tl<>ii  of  tnmpora  tii  r«« . 

C«>mmorc in  1 1 y puru  lltatiluiii  and  alloyn  rnnintiid  to  coid- 
w<trk,  alth.ough  gnnorally  It  Ih  |)rnf<;rahlo  to  aclitnvo  Mtrnagth 
hy  alloying  rnthnr  than  by  work-tin  rdnn  I ag  hocatirin  of  tho  attend- 
ant loMH  In  du<!tliity.  For  go  t <ln<l-ml  mm  1 I o coinpouoiit  h wIhm'o  nx- 
lioi-uin?  to  l.ho  htghor  t nmpn  rn  t u res  1m  for  vory  short  periods,  do- 
Nlgn  allowabloN  can  he  iianod  oit  work-liardonnd  viiluos. 

Cuiroiitly,  issniiiois' I a I tliaiilutr  and  tllaulnni  alloys  can 
hi>  ohi  a I iiml  In  the  r<<riiiH  shown  (ii  Table  i>l.ri-S.  'riio  viirlol.y  Is 
adn<]ual<>  for  pis*  I t ml  mi  ry  design,  hut  I lie  ma  mi  tai' t n re  rs  Mhotild 
ho  coiirui  I t cd  foi  a<!dlt  tonal  I :•  forma  1. 1 on . 

Forging  ot  t lliiuliiin  a i«l  Its  alloyH  may  ho  aceoinp  I i shed  hy 
oonvisil  I oiia  I procoitii  ros  , Imt  moro  form*  and  lienvlnr  ill  «>s  aj'o 
nmially  rtspilrod.  A slieot  can  l>o  formmi  liy  lieiullug,  sp  Inn  lug, 
drawing,  injipliig,  sti'oti'li  forming,  mid  oxtriidliig.  Tlin  moinl  Is 
most,  oaslly  woikod  at  ol<«viiti»<<  1 empe  I'l  tii  ros  (SOO- 1 2()o’*K)  hut  for 
most  oporatloiiM  room  t laiipo  ni  I ii  r<>  and  t.oclin  I <|nos  ii|ip  1 1 call  1 o to 
working  slati'loris  Ml. <m  I iiKini  ! I y sol  f loo.  Anodlving  liiiprovos 
wire  drnwlng  and  may  iainrovo  soiiio  of  t.lio  «*Mii»r  forming  operal  I<imh. 

Tliaiiliim  may  ho  marhliiod  by  using  much  l.lio  same  motliods 
iisini  I 1 y nppllod  to  HlalnlonH  ntools.  The  matorial  Is  springy 
and  longli  evon  In  the  af.nenlis!  statu  asnJ,  lioenieio  ol  I lio  I nndency 
1,0  wi>rk-lin  rdon  , reijn  I ros  sini  I'p  tools,  lieavy  maehliioM,  and  honvy 
liosillvo  fords  for  eniting  operations. 
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Titanium  cnn  be  weldc'd  with  owho,  but  Its  nfllnlty  for 
oxygon,  nitrogen,  and  hydrogon  ro<juir«a  nh.ielded  arc  whirling. 
Shoot  Htock  mny  be  spot  and  soam-woldod  and  even  flnsh-butt 
welding  hiiR  boon  used.  ^folding  technlquoH  have  boon  receiving 
considerable  attention  recently  and  new  developments  will  Im- 
prove application  of  most  procesnen.  Brazing  and  soldering 
tochnlquoH  hiive  not  yet  been  developed,  but  appear  foiinlblo. 
Casting  of  titanium  has  boon  accomplished  on  a commercial  basis, 
and  permanent  mold  casting  of  small  parts  has  been  succoBsful. 
Additional  development  is  required  to  permit  the  casting  of 
largo  sizes. 


9 


Molybdenum 

Molybdenum  with  Its  unique  corn!)  1 nut  Ion  of  outstandlag 
iilgh-tempernture  proi)ortle«j  md  nvn i lahl  ! 1 ty  Is  one  the  merit 

promising  metals  for  use  at  tomperaturoM  above  IdOO^’K,  and  If 
abovtf  30()C^F  stresHOs  are  not  excessive.  Ah  a lion  1 - res  1 si  ii  nl 
miitorliil,  molybdenum  could  be  employed  as  a pure  metal  or  ns  a 
major  conMtltuont  of  uu  all'.iy.  Mo lybdoiium  cannot  bo  melted  and 
cast  by  conventional  means,  but  chemical  ly-proparo-l  powder  can 
be  consolidated  Into  Ingots  niiltoble  for  working  into  usable 
forms  by  either  powder  Metallurgy  or  arc-ciistl  iig  techniqueH. 

81  lice  Ingot  sizes  up  l.o  1000  lbs  have  been  produced,  11  appoars 
that  size  Is  no  longer  ii  major  limltailoii  to  the  iiwo  of  molyb- 
(Innimi  as  iiii  eiig  1 iioo i' 1 ng  innterlul.  The  melting  point  of  molyb- 
denum Is  very  high,  47fl0^F,  which  Is  oxcoeiied  only  by  fiiiigHleri 
and  taiitiilum.  Its  ileiiH  1 ty  Is  (».30H  ib/iir’;  its  npeclflc  lie.*', 
and  coefflcleiit  of  tlienniil  expansion  are  about  hall  that  of 

steel  (o.g.  , 3.0  x 10^’  lii/lii/*^F  lit  70*V)  ; ami  Its  tliermiil  coii- 

n 

du<d,  Ivlty  is  three  to  five  times  gronter  (e.g.  , 0.7,8  Utii/ft  V 
Hec/*^F/ln)  . These  cliiiractei'lsilcs  provide  mol ybi.'eiiiim  with 
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advnnlHKoouH  {iiiKt-lrmiHfor  iukI  Hioniiftl-shock  proport  Ioh,  on- 
pcclally  uttoful  whort*  uoi:-un I f orm  tomporaturo  condltlonH  and 
tompornturo-cycl  Ing  «i  f«ct«  nr#,  involved,  DlmonHional  nta- 
bllity  iH  coneequontly  urontei*  and  ihornial  Mi.roHH  problomn 
are  reduced. 

Molybdonmn  a [no  hiiK  a hltcb  nioduiuK  of  olanilcily,  mnkln({ 

It  favorable  for  nppilcntlonn  whore  rigidity  requi remontH  pre- 
vail, Thin  moduluH  In  not  norlounly  al’focled  by  elevated  tem- 
pernturen  (neo  Fl^.  Id. 2-4),  but  doen  vary  Fiomewlml  wl  tli 
direction  and  cold-work.  Conn  1 dernb  1 o varliitloii  exlntn  In  the 
publi»luMl  data  ou  ntreiiKth  propertlen  of  hio  I y Ixinnum  (typical 
valuoH  are  Klven  In  Flj;.  14.2-1,  Table  14.H-G,  and  Table  14..'?  7), 
and  It  In  clear  that  t h«*  inechaui<;nl  properl.loH  vary  wl  Ui  Impurl- 
I I <tK  In  the  baMl<'  mel.al  and  altio  with  the  fabrication  lilHlory 

The  room- l.«tfflpe  ra  I nr<'  ductility  of  molylnlenum  In  relatively 
Kood  , lnc;rnantuK  wl(li  t enipe  ru  tiirc . In  the  proHont  kIuku  of  <b‘- 
velopm<!nt  It  caauot  bo  conHlder<*d  an  a ductile  metal  nuituble  for 
«'ompr<'heuH  1 VC  ntru<!turiil  mtaK<'-  Molybdonum  appearn  to  bo  very 
brittle  under  mauy  coielltlouH  and  In  qult«“  ”nt  ra  I u-ra  t.o"  and 
”nol<'',t"  HonHltlv<i.  T«*HtH  Indicate  a nharp  deitreane  In  Imparl, 
nl  i'(MiKth  o<’curH  below  r(>oni  temperature.  Appropriate  coiiHldora- 
tlon  muHt  therefore  bo  taken  wliea  denlKUlnK  for  Impact  loadc 
which  occur  <lurln|(  winter  t ra  unpor  la  1 1 on  . The  creep  and  rnpi.are 
ntreuKth  of  molybdenum  I hi({b,  compared  to  oih««r  pure  inetain 
iih(m1  In  h I Kh~tinnperu  til  re  alloyn,  r.nid  II.  In  niiperlor  to  coiiven- 
tlou.a!  alloyn  used  above  l(j(M)*V 

The  major  problem  to  be  overeoiiie  la  tbe  appllcailoii  i>l 
molybdemun  an  a liea  I -i<  n ini  aid  metal  in  the  lapldlty  of  nurl'io'e 
iixidatloii.  At  IMOo’V,  for  example,  1 ii  hIow-I  lowliq'  air,  molyb- 
denam  exidlir.eH  at  the  rate  of  0.02  to  O.Oa  iiieh  of  Uilckiiemi 
per  hoiii’,  Varloun  iimtliodM  of  providing  adequate  nurl'ace  proi.ec- 
tiou  are  beluK  I n . no  1 1 i;n  ted  , ami  aomo  are  modoraloly  micoemiful. 
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Mont  of  Ihe  procowncB  cnn  be  clnwHlflod  under  Iho  Kunonil  types 
of  either  "dlf fusion"  coatinKO  or  ceramic  contlngs  [46,48!. 

The  former  •\rc  typified  by  a surfuco  covering  (applied  by  elec- 
troplating, vapor  MhnHo  dopoBltion,  or  cladding)  with  a molnl 
that  has  bettor  renlntanco  to  OKldntlon  than  molybdenum  r>r  one 
that  forms  an  oxldntloii  roHlstari*  alloy  “'•th  !♦.  These  eoa  t - 
IngH  uMuntly  fall  bet^nune  of  the  dlffiirtlnn  of  Lite  mol  ybdeiuiui 
Into  the  prolectlve  layer.  Life  of  over  5000  hours  al  !H00*^F, 
and  o«er  300  hours  at  3100’^K  has  b‘*on  reported  with  coat  lugs  of 
molybdenum  dlsllle, Ido  2 mils  thick,  The  coatings  have  also 
shown  good  service  under  load  and  when  subjeciod  to  l!:<ji'mal 
<ryc,llng,  and  are  useful  up  to  3300*^F , tin*  molting  l.einp«'i‘atiire. 

Nome  ceramic  coatings  have  also  shown  promise.  CoutingH 
dev<«  loped  l)y  the  llureau  of  Stundards  ^:how  no  deter  lorn  I I on  wiien 
exposed  in  air  at  1650^*F  for  70  hoiiiH,  llolli  dlfluHlon  and 
rumic.  coatings  ()rovi<le  ade<tnait!  proto<rMon  for  umigf>  nol  involv- 
ing severe  shock  or  impact  loading. 

The  development  of  ox  1 da  I I on- res  i s t a n t all*>yM  is  also 
being  Investigated,  altlioiigh  tills  approach  doeti  not  iippeiir  to 
offer  much  promise.  Tlie  amounts  ot  alloying  addiltons  re;;’,;lre<l 
to  provide  ade(|unte  protection  a r<»  Hiifficienl.  to  nm'\.e  tin*  nl- 
loyifi  completely  unworkatile. 

Most  procedures  for  forming  molyinienum  are  con  ven  I I omi  i . 
Ah  a result  of  the  lilgh  tranHltlou  temperature,  forming  op.ira- 
tlouH  such  as  shearing,  lunidlng,  crimping^  driiwlng,  upsoiilng, 
and  spinning  siiou  1 d l'«yr to: ined  at  •rievated  lenuM'-ra  t. ni  e.':  to 
m!nlml7.e  • lif»  oe.currouce  of  i>rltt  i«>  <’iii<’.kj!.  Many  I (jh  iii i ag  opera 
iitue.  <»ii  iiKi  I ylKlenu!i,  <uiuso  <;ra«kM  wlien  <'aii(e<l  on  I at  ro<!;n  t «'in 
l>eru  ture„  out.  it  can  lie  readily  workeil  al  tempera  In  res  «»l  .(inn;{ 

40(/’k,  However,  sheet  cun  be  co  1 il-rc- ! led  to  a 1 1;  i (deness  of 
0.001  liicli  at  room  tempo  rni  tnr«5 , hut,  for  c ross- ro  I I od  mo  t y !>de  anm 
siieet  lieiwoen  (i.020  and  0.040  I a<’li  sheet  tliielnoMM,  wcirking 
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Hhould  tttko  placn  within  tho  tomporAiuro  rnnifo  of  200*'  to  229**F; 
for  honvlor  ntock,  900*'  to  1000*'f  tomporotiiroH  nhould  l)0  oni- 
ployod.  Molybdomim  cnn  bo  «pun  by  tho  cuHtomary  procoduroH  at 
tempo rnturoH  from  200”  to  400*'f.  CrowH-rolled  wheot  uHuiilIy 
1r  spool  riod  for  drnwliiK,  HplnnlnK,  and  forming  operationo  to 
InHuro  that  tho  nhoot  hiiH  Hufficlont  ductility  for  furmli><r  in 
all  dlroctloiiH.  In  mnchlnabl  1 ( ty , molybdonuni  more  noiii’ly  ro-- 
HombSos*  8AK  1040  wteol  hout-troatod  v.o  Rockwell  C30  than  any 
other  material. 

Molybdonuni  part;!  ar««  ({‘Mtorully  .lolnnd  by  rtvotliif^  with 
mo  1 y bd(>nuni  rivotf.  or  by  biay, Ing  with  copjior  or  Hllv€*r  Moldorn. 
For  hlgli' tom()oraturo  upp  I 1 ca  t Ioiih  , tantalum  foil  liufi  boon  om- 
ployod  an  a briiy.iiig  inaturlul,  the  o|ier:itlon  bo  I ng  porformod 
under  wiitor  to  prevent  oxidiilloii  of  tho  iaatalum  |4(l|.  A nickel 
chromium  alloy  con  tii  1 ii  I ng  2 to  ;i  per  cent  boron  (Wa  1 I -Co  Imony 
No.  11)  liiiH  boon  reported  (,••)  be  a good  liru/lng  alloy  for  mii’vlce 
up  to  2()00*'f.  ReHlHtnrce  or  arc  welding  techniqnoH  have  been 
Hllc<•<o^Mf  M I , bnl  the  wel«lment  In  iiMtin  1 I y brlllle  and  relnrortr«i- 
menl  Is  riMpilred  for  partn  to  be  formed  after  welding,  Rpot  or 
Heaiii  welding  <niii  bii  uh<u1. 


Mfttpxliilu  X«r  Fuel  CvJLio 


The  Mvlectloii  of  mii  I r I a I .m  fiiiltuiile  for  ijne  an  fuel 
«■»!  M n require  ceiin  1 de  ra  t.  1 on  o<  >m’VOi'4iI  ract'>«-«< 

I The  loiiMllf!  Nli'oiigtli  imiMt.  be  great  miougli  to 
wltlmlaiid  the  dynamic  m*>y  «*meii  t of  I be  I’uj;  I 
w I t li  1 11  the  t ank  , 

2.  It.  iiinot  b«i  I inp«i  *'v  i eun  t«>  liydrerai  boiiH  for  long 

pei'lodH  of  tlin«i  t.o  permit,  fiieltid  stowage  as  well 
an  I'nctory  toMls  witlioiit  snlnuMpient  flnslilng, 


- 51  - 


CONFIDENTIAL 

• (HK.iaetNt  t.oNUif«  4/r»i.bH(i  i«4  MiiitmM  tw  bwi  iMteei  stain  wiomt  'm( 

Ilf  T*«i  lorNoiatM  lawf  r>tt  i use  litiijKi  .*•<«>  f««  biy  ynaHiMi«iniH  idi 

lid  Mf  vf  I atioM  (;f  «:»cimtfi4i«  im  «nt  m;  am  uitaiiKwwuftn  •wasim -a  rano'inii  p •(  i 


CONFIDCNTiAL 


3.  It  •nuHt  bo  oxtromoly  floxlblo  to  pormlt  cariy 
1 1((4  tn  11  at  ion  and  rollublo  oporatlon, 

4.  It  muHt  have*  a blijh  d«j{roo  of  woiirublllty 
(or  ubrnnlon)  and  tour  reHlRianco  to  pormlt 
cyollnit  for  toot  purpoHon  without  potential 
rupture  when  oubjocloti  to  fllKht  loadH  suul 
dynamlcH , 

5.  It  muni  bo  light  In  weight  and  nmnll  In  voluino,  nud 

C.  It  muHl  have  ndoq»into  high  tomporn  tiiro  ronlcitanco 

nlnc<*  pnrtR  of  tho  ooll  can  bo  In  Intimate  coni  act 
with  ^ho  tank  waIIh.  Thi5  cooling  offoct  of  tho 
fuel  Iteelf  helpu  to  iiiiio ! lo  rn  to  thin  problem,  h»>wovr;r, 

Ty|)lciil  tootn  made  to  H«le<’t  ii  fuel  cell  l’«ir  an  aullnlr- 
(•rafl  mlewlle  are  eliown  In  Tiil>1e  14  3-M  Ar;  a roHiill  of  1 liene 
ti'HlM,  a coll  made  of  niu)pr<m<»  <roatml  (4  «>’/,/y(l'^‘)  uvl(ei  fabi’lc 
hoH  lieen  doveIo[ied.  Thin  <*ol  I In  niJmpinte  for  une  bel  ween  teiii- 
penitiiroH  <if  -40**  ini<l  50<I**F;  iilthoiigh  the  melting  point  of  nyliui 
iH  4H0**F,  the  neoprene  coating  IncrenMon  the  nllowahle  opcial.lng 
temperature.  The  cell  wlthntaiidH  repeat  c<l  cy«-llng  withoni  <lamage 
to  either  the  fabric  or  the  HoaiiiH. 

Plant  Ic  cellH  fahrlcate<l  from  Tirflon  oi  Kel-F  a r«>  v«»ry 
good,  but  fubrli'nt  toil  of  unuMunl  nliapen  in  dltricull  due  to  the 
<llfflculty  of  making  reliablo  Joliiln.  With  nlmple  geometr  i ca  1 
con!  igtira  t louB  and  clonuren  by  tneann  of  mechanical  means  sneh 
an  clnmpH  or  Healing  ring!',  very  fin  1 1 s f act  oi’y  fuel  cells  <’an  be 
made  from  (>liiHtl<'M  of  this  tv)»e. 
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